Background. Inflammation in an ESRD patient may impact responsiveness to erythropoiesis-stimulating agent (ESA) therapy. We sought to investigate the association between C-reactive protein (CRP) levels and average peradministration epoetin alfa (EPO) dose over 3 months following a CRP measurement. Methods. The study is a retrospective cohort study of hemodialysis patients ≥18 years of age receiving care at a Fresenius Medical Care-North America facility between 1 July 2000 and 30 June 2002 who had no history of peritoneal dialysis. All patients had ≥1 CRP measurement and ≥3 months of recorded information before the CRP measurement (entry period). We evaluated the association between CRP levels and average hemoglobin (Hb) and peradministration EPO dose over the 3 months following the CRP measurement. Results. We identified 1754 patients with a CRP measurement; mean age was 62.6 years (SD 14.1), 51.5% were male, 56.2% were white and the median CRP value was 2.04 mg/dL (20.4 mg/L). Patients in the upper CRP quartiles were more likely to be older, recently hospitalized; have a catheter vascular access; have lower albumin, Hb and transferrin saturation levels and greater EPO doses. In the subsequent 3 months, EPO doses but not Hb levels were significantly higher for patients in the highest CRP quartile [3.21 mg/dL (32.1 mg/L)] (P = 0.01). Conclusions. Inflammation as measured by an elevated CRP level appears to be an independent predictor of greater ESA dose requirements. Patients with the highest CRP levels required significantly higher ESA doses to achieve comparable Hb levels even after controlling for potential confounding variables.
Introduction
The importance of inflammation as a prognostic indicator in hemodialysis patients is receiving more attention [1] . Elevations in inflammatory markers including C-reactive protein (CRP), interleukin-6 (IL-6) and fetuin-A have been associated with increased risk of cardiovascular disease and mortality [2] [3] [4] [5] [6] [7] [8] , and these findings were independent of other well-known mortality risk factors. Estimates from two cross-sectional studies suggest that the prevalence of elevated CRP levels in hemodialysis patients is between 32% [9] and 46% [10] , though studies in small samples of patients with multiple CRP measurements have reported considerable within-patient variability [11] [12] [13] . This variability may be attributable to transient factors that are likely to cause inflammation [14, 15] , such as hospitalization events, which occur at an average rate of two times per year in hemodialysis patients [16] , catheter access insertion and sub-clinical infections.
In addition to being a prognostic indicator, a patient's inflammatory state may also impact responsiveness to erythropoiesis-stimulating agent (ESA) therapy. Previous studies in small samples have shown a correlation between elevated levels of inflammation and reduced responsiveness to ESAs [17] [18] [19] , as measured by total ESA dose requirements. Considering the large inter-patient variability of administered ESA doses required to maintain patients at specific hemoglobin (Hb) levels [20, 21] , evaluating the influence of inflammation on Hb response to ESA dose is important for guiding anemia management. Yet few studies have had sufficient sample size and collection of factors that may impact ESA dosing to evaluate the independent role of inflammation, as measured by inflammatory markers (e.g., CRP, IL-6, etc.), on ESA dose requirements. The objective of the current analysis was to evaluate the effect of a single CRP measurement on ESA dose requirements over a 3-month time window in a population of US hemodialysis patients.
Subjects and methods
This study was exempt from human subjects review, as the research utilized existing anonymous data derived from dialysis medical records.
Data source
Data were obtained from Fresenius Medical Care-North America (FMC-NA), a large dialysis organization that provides dialysis services to over 120,000 patients in the USA. The FMC-NA database captures patient-level information across numerous domains including demographics, dialysis care, laboratory parameters, medical history, concomitant medications and clinical outcomes. Demographic data are collected at the first hemodialysis session. Dialysis care information, including urea reduction ratio (URR) and vascular access (VA) type in use, are reported as needed. Laboratory parameters including Hb, albumin, calcium and phosphorus are obtained at bi-weekly or monthly intervals. Medication use including dose information and date of administration is routinely collected, including epoetin alfa (EPO), intravenous (IV) iron and IV vitamin D. Clinical outcomes, including hospitalizations and deaths, are collected on an ongoing basis. Causes of hospitalization are identified based on International Classification of Disease-9th Revision (ICD-9) codes.
Study population
The study population for this analysis was limited to hemodialysis patients at least 18 years of age receiving dialysis in an FMC-NA facility between 1 July 2000 and 30 June 2002 with no history of peritoneal dialysis. All subjects had at least one CRP measurement recorded in the database (the index month) and at least 3 months of recorded information in the database before the index month of CRP measurement (the entry period). The entry period was necessary to enable characterization of subjects with respect to baseline demographic, laboratory and comorbidity factors. We further restricted the study population to subjects with non-missing Hb and EPO dose information in the 3 months following the index month. CRP is not a routinely collected laboratory parameter in the hemodialysis population, particularly during the study time period. Consequently, it is reasonable to assume that this population of subjects with a CRP measurement were targeted for assessment, possibly due to coexistent disease or acute or chronic inflammation, and may represent a sub-population with greater disease burden.
C-reactive protein
Serum CRP values in the subset of FMC-NA subjects with CRP measurements recorded were assayed at a single central laboratory (Spectra Labs, Memphis, TN) using the Olympus CRP kit (Olympus, Memphis, TN), a lowsensitivity assay with a lower limit of detection of 5 µg/mL. 
Outcomes
We assessed Hb levels and EPO doses in each of the 3 months following the index month. We used the average value for months with multiple Hb measurements, and we assessed EPO dose as the average dose per administration. EPO dose was not normally distributed, so log-transformed EPO dose was evaluated.
Covariates
Information on baseline patient characteristics including demographics, dialysis care, medical history and laboratory parameters was assessed during the entry period. Demographic characteristics included age, gender, race (white, non-white), diabetes status (yes, no) and length of time on dialysis (vintage). Dialysis care information included type of VA [catheter, arteriovenous fistulae (AVF), arteriovenous graft (AVG), and other] and urea reduction ratio (URR). Medical history was assessed as the number of hospitalizations during the entry period (0, ≥1). The available laboratory parameters included albumin, calcium, ferritin, Hb phosphorus, parathyroid hormone and transferrin saturation (TSAT). For each parameter we calculated the mean of the measurements captured during the entry period. Baseline EPO dose was assessed as the average per-administration dose in the index month.
Statistical analysis
Since CRP is not a routinely collected laboratory parameter in hemodialysis patients, we had concerns that these patients were targeted due to coexistent disease or acute inflammation. To evaluate any potential selection bias, we compared all subjects who had a CRP measurement with a cohort of subjects without a CRP measurement, frequency matched on length of time on dialysis (±1 year) and date of the CRP measurement (±3 months). We then used bivariate statistics [analysis of variance (ANOVA) and Mantel Haenszel chi-square analysis] to compare the two cohorts with respect to important demographic characteristics and other patient factors.
We used descriptive statistics for continuous variables (mean ± SD) and categorical variables (N, %) to characterize the study population overall and according to the CRP quartile distribution. We used the Cochran-MantelHaenszel test to compare each of the CRP quartiles according to the baseline categorical covariates, and the KruskalWallis test to compare each of the CRP quartiles according to the baseline continuous covariates. We then used a linear mixed model with an unspecific covariance structure, which accounts for the correlation between repeated measurements within a patient, to examine the association between CRP quartile and (1) the average Hb level in each of the three follow-up months and (2) the average per administration EPO dose in each of the three follow-up months. We used these models to estimate mean values adjusting for important baseline covariates. The linear mixed model analysis was repeated using a log-transformation for both CRP and EPO dose. All analyses were conducted using SAS 9.13 (Cary, NC).
Results
A total of 1754 hemodialysis patients with a CRP measurement were available for this analysis. We compared this population with a matched cohort of patients who did not have a CRP measurement and found that the two populations did differ significantly with respect to age and race, but not gender (Table 1) . Patients with a CRP measurement did have lower baseline albumin levels, but higher Hb levels and average per administration EPO doses, and were more likely to have been hospitalized in the entry period (previous 3 months). We were unable to find suitable matches for 97 patients (5.5%); compared with the CRP patients we were able to match, these patients tended to be younger and healthier, as measured by higher Hb and TSAT levels and lower EPO dose requirements.
The mean CRP value in the population was 2.89 mg/dL [SD 1.55; 28.9 mg/L (SD 15.5)] and the median CRP value was 2.04 mg/dL (20.4 mg/L). The mean age of patients with CRP measurements was 62.6 years (SD 14.1), 51.5% were male and 56.2% were white. Patients with CRP values in the upper quartiles were more likely to be older, to have been hospitalized in the entry period, to have a catheter VA, to have lower albumin, Hb and TSAT levels and to have greater EPO dose requirements (Table 2) .
Of the 1754 patients with a CRP measurement, 502 did not have EPO dose or Hb data available in all 3 months following the index date and an additional 26 did not have complete covariate information, leaving 1226 (70%) for inclusion in the multiple variable analyses. Excluded patients did not differ from included patients with respect to demographic characteristics, baseline hemoglobin levels or number of previous hospitalizations, but they did have slightly higher average per administration baseline EPO doses (9523 versus 8504, P = 0.05). In the first month following the CRP measurement, the mean adjusted Hb level was 11.5 g/dL (115 g/L) for patients in the highest CRP and 11.7 g/dL (117 g/L) for patients in the lowest CRP quartile; in the third month, Hb levels were similar, 11.7 g/dL (117 g/L) across CRP quartiles (Figure 1) . Overall, mean Hb levels over the 3-month follow-up period did not differ for patients based on CRP level. In the first month following the CRP measurement, patients in the upper CRP quartile had significantly higher average EPO doses (9759 units/administration) compared with patients in each of the other quartiles [8179 units/administration (P = 0.01), 8476 units/administration (P = 0.04) and 8243 units/administration (P = 0.01) for Q1, Q2 and Q3, respec- tively] (Figure 2 ). This trend persisted and in the third month following the CRP measurement, mean per-administration epoetin alfa doses remained significantly elevated for patients in the upper CRP quartile, though the average units per administration dose for patients in each CRP quartile did decrease. Similar results were obtained when data were analyzed using log-transformed CRP values and EPO doses (data not shown).
Discussion
In this analysis of 1754 hemodialysis patients with at least one CRP measurement, we observed a strong correlation between elevated CRP levels and EPO dose requirements over the subsequent 3-month period. Patients with a single CRP measurement >3.2 mg/dL (32 mg/L) were more likely to require significantly higher EPO doses to achieve comparable Hb levels compared to patients with lower CRP levels, suggesting a potentially important role for inflammation in Hb response to EPO dosing. This relationship persisted even after adjustment for many potential correlates of inflammation suggesting that elevated inflammatory levels are independently predictive of greater EPO dose requirements for up to 3 months. Recent studies have demonstrated the considerable variability in ESA dose requirements [21, 22] among hemodialysis patients. A limited number of investigations have attempted to identify factors predictive of greater dose requirements [18, 19, [23] [24] [25] though only a few have assessed the influence of inflammatory markers. Two small cross-sectional studies, one in 30 hemodialysis patients [23] and the other in 92 patients [24] , found higher CRP levels associated with greater ESA dose requirements for any given Hb level. Locatelli et al. [25] studied 677 Italian hemodialysis patients, and found a strong association between CRP levels and both absolute EPO dose and the erythropoietin response index, even after adjustment for many potential confounding factors. However, Singh et al., using clinical trial data from 134 subjects enrolled in the Dialysis Patients' Response to IV Iron with Elevated Ferritin (DRIVE) study, did not find a statistically significant correlation between CRP levels and ESA dose requirements [19] . The relatively healthy study population included in the DRIVE study (as evidenced by lower average CRP levels compared with other studies in hemodialysis patients) may partially explain the lack of association in that study. In our study, we found that, in addition to the association between elevated CRP levels and higher EPO dose requirements, elevated CRP levels were also correlated with low albumin, Hb, and TSAT levels; catheter VA and hospitalization in the three preceding months, consistent with previous research [14, 15] , and investigations demonstrating associations between these patient comorbidities and greater EPO requirements, lower Hb levels and EPO responsiveness [18, 26, 27] .
The mechanism by which inflammation may impair ESA response may be multifactorial. Inflammation may slow the progression of erythroid progenitor cell maturation and affect red blood cell survival [28] [29] [30] . Additionally, inflammation may induce functional iron deficiency. Inflammatory cytokines have been known to increase hepcidin levels, which in turn regulates absorption of dietary iron, the release of recycled iron by macrophages and the transfer of stored iron from hepatocytes [31, 32] .
These findings should be evaluated in light of the following limitations. CRP is not a routinely collected laboratory parameter in the hemodialysis patient population. Patients evaluated in this study should therefore not be considered a random sample of hemodialysis patients; in contrast, these patients represent a sicker subset of the population as highlighted in Table 1 . This study was meant to examine the association between elevations in CRP levels and future ESA dose requirements. Importantly, because this patient population is enriched with sicker patients and likely over-represents patients with elevated CRP levels [as evidenced by a mean CRP near 3 mg/dL (30 mg/L) compared with 0.3 to 0.6 mg/dL (3 to 6 mg/L) from previous studies [2, 3] ], patients with lower CRP levels are largely under-represented. Consequently, the reference group for all of these analyses consists of generally sicker patients, which likely contributes to an underestimation of the true association between elevated CRP levels and other markers of disease severity and future EPO dose requirements. The greater disease burden of the reference group in this study may also partially explain the lack of association observed for the comparisons with subjects in the second and third CRP quartiles. In this study, the mean Hb level and per administration EPO dose requirements for subjects in the lowest three quartiles were similar, ∼11.3 g/dL and 8000 units, respectively. In comparison, in the larger US hemodialysis population in 2001, the mean Hb level and per administration EPO dose were ∼11.5 g/dL and 5000 units, respectively [16] . The markedly higher dose requirements to achieve a similar Hb level observed in our population support the following: (i) even patients in the lowest CRP quartiles in this population have a greater disease burden and (ii) the magnitude of the association between elevated CRP levels and EPO dose requirements, even for patients with CRP values between 13-30 mg/L, would be more pronounced were the reference population more reflective of the general hemodialysis population.
We limited our assessment of baseline patient characteristics available from the database to the 3 months immediately preceding the CRP measurement. Additional comorbidity information, such as history of cardiovascular disease, HIV/AIDS, gastrointestinal bleeding and other conditions, were not captured, which limited our ability to evaluate their impact. For the purposes of our study, CRP was hypothesized to be reflective of acute cross-sectional inflammatory episodes. This is supported by the correlation we found between the percentage of patients with a hospitalization in the 3 months before the CRP measurement was considerably higher for patients in the upper CRP quartiles (P < 0.0001).
Conclusions
Inflammation as measured by an elevated single point in time CRP level appears to be predictive of ESA dose requirements for up to 3 months in the future, and this relationship persisted, even after accounting for severity of illness, and other important correlates of elevated inflammatory levels. These data suggest that monitoring of CRP levels may guide clinicians in their diagnosis and treatment of patients with impaired response to ESAs. Obtaining these laboratory values may be a part of the workup for hyporesponsive patients as suggested by the 8th November 2007 ESA label revisions. However, prospective studies are required to evaluate the utility of repeated measures of inflammatory markers in guiding ESA treatment in patients with end-stage renal disease.
